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Introduction
In the last three decades, a large number of third-row transition-metal complexes showing strong photoluminescence in both fluid and solid states have been extensively investigated, with studies of their basic photophysical properties leading to possible use of such complexes in the fabrication of optoelectronic devices, especially organic light emitting diodes (OLEDs). [1] [2] [3] [4] [5] [6] [7] [8] [9] The chelating ligands are known to control both intermolecular interactions through steric constraints and electrical characteristics. Hence, both variation of the metal-ligand bond strength though choice of donor atoms of the chelates and addition of dendritic functional -3 -appendages, have proved highly valuable as part of the complex design strategy. 10, 11 In addition to improved luminescent efficiency, the appropriate choice of ligand can also permit tuning of the emission color, as well as improving various physical and chemical properties, such as thermal and photo stability and solubility, which are important for device fabrication. 12 Among the numerous chelating ligand designs which have been explored to date, 2,2'-bipyridine (Chart 1) and analogous neutral diimines have been employed in the construction of ionic metal-based phosphors as suitable candidates for fabrication of light emitting electrochemical cells (LECs).
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Chart 1: Chelating ligands with varying electronic character.
In sharp contrast, 2-phenylpyridine (ppyH) and its analogues often react with transition metal complexes via cyclometalation processes, and serve as a class of monoanionic C,N-chelates (Chart 1). 17 Through consideration of the fine balance of metallic and net ligand charge(s), charge-neutral complexes can be accessed. The neutral formulation and generally high thermal stability and volatility of these complexes makes them well suited for deposition in OLED device structures through thermal evaporation methods.
In comparison with the large number of complexes derived from ortho-metalated 2-phenylpyridine and derivatives, examples featuring dianionic chelate ligands are relatively rare. Examples of dianionic chelating ligands include the 2,2'-biphenyl dianion (Chart 1) 18, 19 and benzene-1,2-dithiolate, 20 which have been -4 -successfully applied in the syntheses of heteroleptic Pt(II) and Ir(III) metal phosphors, in various combinations with neutral diimine and / or monoanionic cyclometalating chelates. Computational analyses of complexes bearing this class of dianionic chelate suggested that the occupied frontier orbitals primarily contain electronic contributions from the metal atom and the dianionic chelate, while the unoccupied frontier orbitals reside on chelating ligand(s) with less anionic character. 19 Hence, the lower energy optical transitions are often best described as metal-ligand-to-ligand charge transfers (MLLCT), and which may be distinguished in character from more typical ligand-centered (LC) ππ* and metal-to-ligand charge transfer (MLCT) transitions in metal complexes.
Parallel to the development of metal phosphors containing chelating diimine and cyclometalated ligands, our group has been interested in metal phosphors containing monoanionic pyridyl pyrazolate ligands (pypz -, Chart 1), which offer bonding character closely related to the previously mentioned cyclometalates (e.g. ppy -, Chart 1). [21] [22] [23] [24] In seeking to further extend the synthetic scope of functional chelating ligands, we were drawn to 5,5'-di(trifluoromethyl)-3,3'-bi-pyrazole (bipzH 2 ) 25 and 5,5'-(1-methylethylidene)-bis(3-trifluoromethyl-1H-pyrazole) (mepzH 2 ) by removal of the two acidic protons to give rise to the associated dianionic chelate ligands (bipz 2-and mepz 2-respectively, Chart 1). In fact, bipz chelate and analogues have been used to afford many Os(II) and Ru(II) metal complexes which exhibit strong near-infrared (NIR) emission 26, 27 and planar Pt(II) metal complexes with strong solid-state ππ-stacking interaction, 28 and to serve as efficient sensitizers for dye-sensitized solar cells (DSSC), respectively. 29 In this study, we have examined the use of the dianionic bipz and mepz chelates as constituents in the design of Ir(III)
phosphors, which can serve as decent dopant emitters in OLED devices. and 4 were purified using routine silica gel column chromatography, followed by recrystallization, while 2 was isolated by simple washing with a mixture of water and acetone due to its poor stability in contact with the silica gel. The 1 H NMR spectra of each of the complexes 1 -4 showed non-equivalent signals from the t-butyl protons, consistent with the lack of symmetry in all complexes due to the asymmetric phenylpyridyl chelate present. The geometries for 1, 3 and 4 are confirmed by X-ray crystallography (vide infra) whereas the geometry for 2 is assumed on the basis of computations (vide infra) and shown in Chart 2.
Results and Discussion
Chart 2: Ir(III) complexes 1 -4 investigated in this study.
Single crystal X-ray diffraction studies on Ir(III) metal complexes 1, 3 and 4 confirmed the identification of isomers and showed the influence of the anionic ancillaries imposed on the metal coordination framework. As shown in Figure 1 an elongation versus the comparable metal-ligand distances in 1, cf. Ir-C(1) = 1.999 (7) and Ir-N(3) = 2.010(5) Å. These changes can be understood in terms of the increased trans-influence of the π-accepting but strongly -donating pyrazolates versus that of the inductively electron -withdrawing and π-donating chloride ligands.
In the structures of complexes 3 and 4, the longest Ir-N bond distance is found to induce faster thermal population to the higher lying dd state and, hence, reduce the emission quantum yield due to the faster deactivation channel. Interestingly, the emission quantum yield for 3 is substantially higher (Φ = 0.73) than the other complexes in the solid state. This enhancement could be caused by the more rigid media that effectively suppressed the large-amplitude vibrations or temporal dissociation of the bipz chelate from the metal coordination sphere.
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Electrochemistry. The electrochemical properties of 1 -4 were examined using cyclic voltammetry (CV). Figure 5 and Table 2 show the voltametric wave profiles and numerical data, respectively. There is only a small variation of the anodic oxidation peak potential as a function of complex composition, suggesting that the stability of the metal centered oxidation is only slightly influenced by the ancillaries, i.e. chloride or pyrazolate. 40 Basically, only the Ir(III) complex 3 showed a quasi-reversible In considering their absorption data in solution it is apparent that the complexes fall into two groups: the chloro containing complexes 1 and 2 with lower energy absorption maxima than the bis(pyrazolate) complexes 3 and 4 ( Figure 4 , Table 1 ).
These observations are well matched by trends in the results from time-dependent density functional calculations (TD-DFT) from 1', 2', 3' and 4', which are summarized in Table 3 Predicted phosphorescence emission data should be obtained from TDDFT data on optimized T 1 geometries but open-shell geometry optimizations (excited states e.g. S n , T n n > 0) on iridium complexes are generally unreliable and the TDDFT data from these optimized geometries are poor as a result (Table S2) . 46 
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The calculated S 0  T 1 transition wavelengths here do not take into account the Stokes shifts expected experimentally resulting in the predicted emission energies being overestimated but they do follow the trend in emission maxima (Table 3) except Figure S6 and Table S3 ). The triplet state formed from the ISC of the metal-dominated excited singlet state (S 2 ) is probably responsible for the phosphorescence observed in 3 experimentally ( Figure S7 and Table S3 ). Experimental data on devices with the mCP and 26DCzPPy hosts show external quantum efficiencies of 14.1% and 15.6% (see details given in SI, Figure S8 and Table   S4 ), which are notably higher than that for a device fabricated with the CBP host (i.e.
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8.7%).
Although the device formed with 26DCzPPy exhibited adequate efficiency, the turn-on voltage increased to 6.2 V, as well as giving a pronounced efficiency roll-off at the higher driving voltages. Thus, for lowering the operation voltage and achieving high efficiency, architecture based double emitting layers (EMLs) were investigated. 53 To form the test double EML devices, the OLED structures were changed to ITO/ wt.%. Figure 9 presents the schematic device architecture, the molecular drawings and the energy diagram of the materials employed. Studies were also extended to OLED devices with relevant dopants 4 and 1. The combined OLED performances are summarized in Figure 10 and Table 4 .
Devices A, B and C represent devices fabricated using dopants 3, 4 and 1. The electroluminescent (EL) spectra shown in Figure 10 (a) were identical to the respective PL spectra recorded in the solution state, indicating effective exothermic energy transfer from the hosts (i.e. mCP and 26DCzPPy) to the dopants. 54 The EL emission of device C (with dopant 1) is notably red-shifted from the bipyrazolate complexes 3 and 4, and this is consistent with the lowered energy gap recorded in solution. Furthermore, the double EMLs would expand the emission zone, leading to a lower exciton density compared to the traditional, single EML devices. Thus, the triplet-triplet annihilation can be effectively suppressed to give improved device efficiencies. 55 The current density-voltage (J-V) curves of tested devices follow in descending order: A > C > B (Figure 10(b) ). In general, dopants with a lower energy gap would induce rapid carrier trapping in EML (especially for dopants with poor carrier transport abilities). 
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